Halogenated aromatic compounds (HACs) are noteworthy for their characteristics of high toxicity, persistence and bioaccumulation. They have led to the serious contamination upon the extensive applications[@b1]. Twenty-three types of halogenated benzenes or phenols have been recorded as the priority pollutants by the US Environmental Protection Agency, which occupied 17% of the total list[@b2]. Seeking for the efficient remediation strategies became an urgent and tough assignment to completely remove the toxiticity of HACs in worldwide.

The use of mciroorganisms in detoxification of HACs has addressed the increasing attention as a promising and cost-effective bioremedaition approach[@b3]. Several aerobic isolates, such as *Pseudomonas* or *Burkholderia* spp., could mineralize HACs through oxidative or hydrolytic dechlorination and oxygenolysis; meanwhile, the related enzymatic genes were also well elucidated[@b3][@b4]. The biodegradation of HACs, has been extensively investigated in both bioreactors and batch cultures[@b5][@b6]. With pentachlorophenol (PCP) as an example, under aerobic condition, PCP could be oxidized to chlorohydroquinone accompanied with the removal of chloride and aromatic ring cleavage, and then completely mineralized to CO~2~[@b7]. Under anaerobic conditions, reductive dehalogenation by replacing the halogen with hydrogen atom played a vital role for converting HACs to the less/none halogenated ones[@b8][@b9]. Several isolates have been reported that possessed the reductive dehalogenation activities, like *Desulfitobacterium* spp., *Dehalobacter* spp., *Desulfovibrio* spp., *Dehalococcoides* spp., and *Dehalobacter* spp.[@b10]. However, after reductive dehalogenation, the less or none halogenated metabolites still carry aromatic rings and toxicity. Anaerobic oxidative degradation of these metabolites to CO~2~ is another obligatory bioprocess to completely remove the toxicity of HACs anaerobically[@b11].

Hence, artificial combination of two bioprocesses including reductive dehalogenation and anaerobic oxidative degradation is an essential means to realize the complete bio-mineralization of HACs anaerobically. Previously, some anaerobic mineralization systems have been constructed by synthesizing consortia for reductive dehalogenation and oxidative degradation, which acquired the favorable and efficient mineralization activities[@b11][@b12][@b13][@b14]. However, the two bioprocesses, reductive dehalogenation and oxidative degradation, went through the distinct metabolic pathways and nutrient requirements, and their working mechanism during HACs transformation were little known. So identification of the interplays of responsible bacteria, functional genes and organic chemicals, are vital to better understand the competitive or cooperative interrelations of functional bacteria. The study would give suggestions for the adaptability and regulation strategy for complete mineralization of HACs by alignment of bacteria and nutrients with different functions in contaminated sites or bioreactors.

In this study, a long-term maintained cylindrical reactor for pentachlorophenol (PCP) mineralization utilizing lactate as the sole external nutrient was disassembled. The spatial ecophysiological characterizations of microbes and genes at different cylindrical segments were carried out. The abundance and distribution of organic compounds (PCP, lactate and their corresponding organic metabolites), involved bacteria (reductive dechlorinators and oxidative degraders) and functional genes (chlorophenol reductive dehalogenase cprA, phenol anaerobic degradation benzoyl-CoA reductase/ring-cleavage hydrolase genes *bamB*, *bzdN*, *bcrC* and *bamA*, and nitrogenase gene *nifH*) inside the cylindrical reactor, were extensively investigated. The objects of this study were to (i) reveal the distribution and diversity of the functional bacteria and genes associated with the mineralization of HACs in the constructed reactor and (ii) give understanding on the occurrence and functional mechanisms under the roles of potential bacteria and genes during HACs-mineralization process.

Results
=======

Spatial distributions of PCP, lactate and their organic metabolites
-------------------------------------------------------------------

Concentration distributions of PCP, lactate and their organic metabolites were shown in [Fig. 1](#f1){ref-type="fig"}. PCP concentration decreased quickly and became below the detection limit in segment 5--8 cm from the inlet, and while, phenol was detected at a trace concentration less than 5 μM between 0--8 cm ([Fig. 1A](#f1){ref-type="fig"}), indicating the occurrence of reductive dechlorination between 0--5 cm. Besides phenol, none of the other possible metabolites, like 3-chlorophenol (3-CP), 3,5-dichlorophenol or 2,3,5-trichlorophenol, was detectable in the whole reactor segments ([Fig. 1A](#f1){ref-type="fig"}; data not shown). Above segment 8 cm, no phenol was detected, indicating phenol complete degradation accomplished between 0--8 cm. Concentration of lactate decreased quickly between 0--8 cm, where its metabolites, acetate and propionate, were frequently detetced in the range of 0--3 μM and 0--1.8 μM, respectively. Acetate and propionate disappeared in the segment 8--11 cm and 13--15 cm, respectively ([Fig. 1B](#f1){ref-type="fig"}).

Spatial distribution of potential reductive dehalogenators and phenol anaerobic degraders
-----------------------------------------------------------------------------------------

[Figure 2](#f2){ref-type="fig"} represented the distribution of 16S rRNA genes of the genera of potential dehalogenators, *Desulfovibrio*, *Sulfurospirillum*, *Dehalobacter* and *Desulfitobacterium* spp., as well as the potential fermentative or syntrophic degraders of phenol/3-CP, *Cryptanaerobacter* and *Syntrophus* spp. along with the cylindrical reactor. The highest bacterial density appeared in the inlet segment (0--2 cm) (about 10^8^ copies mL^--1^) and dropped to about 10^6^ copies mL^--1^ near the outlet segment (13--15 cm) ([Fig. 2A](#f2){ref-type="fig"}). Archaea was detected with the density ranged from 10^3^ to 10^6^ copies mL^--1^, except for the outlet segment (13--15 cm).

*Desulfovibrio* and *Sulfurospirillum* spp., known as the facultative dechlorinators[@b15][@b16], were evenly distributed among the whole reactor, and occupied 0.2--30.3% and 0.2--8.3% of the copy number of Bacteria, respectively. Both of their highest densities were appeared at the segment 8--11 cm, and while no obvious density decrease was observed where PCP was disappeared above 5 cm of segment ([Fig. 1A](#f1){ref-type="fig"}). In contrast, *Dehalobacter* and *Desulfitobacterium* spp., the two dehalogenators[@b17][@b18], occupied the much lower properties of bacterial composition (0.02--0.2% and 0.002--0.01% of the copy number of Bacteria, respectively). However, their density profiles were consistent with the distribution of PCP ([Fig. 1A](#f1){ref-type="fig"}). Both of them showed a great decrease of wider than 10 times in the segments from 8 cm, and were below the detection limit above 13 cm and 8 cm, respectively ([Fig. 1A](#f1){ref-type="fig"}). Correlation analysis showed *Dehalobacter* and *Desulfitobacterium* spp. were positively correlated with the concentration of PCP, with the pearson correlation constant *r* of 0.22 and 0.94, respectively. However, no obvious correlation was observed for *Desulfovibrio* and *Sulfurospirillum* spp. It is inferred *Dehalobacter* and *Desulfitobacterium* spp. were involved in reductive dechlorination process, and while, *Desulfovibrio* and *Sulfurospirillum* spp., were probably participated in the other bioprocesses, such as fermentation or nitrogen fixation[@b17][@b18].

Copy numbers of the two possible phenol degraders, *Cryptanaerbacter* and *Syntrophus* spp., were gradually decreased from the inlet to outlet, and occupied 0.1--0.3% and 0.4--5.4% of the copy number of Bacteria, respectively ([Fig. 2C](#f2){ref-type="fig"}). None of them was detected in the outlet segment of 13--15 cm. Changes in numbers of *Cryptanaerbacter* and *Syntrophus* spp. were consistent with the distribution of Archaea, indicating their latent syntrophic relationships. Also, gene copy numbers of both *Cryptanaerbacter* and *Syntrophus* spp. were significantly correlated with the determined concentration of phenol (*r* = 0.63 and 0.51, respectively). So it is inferred *Cryptanaerbacter* and *Syntrophus* spp. were in associated with phenol syntrophic degradation.

PCR amplification and phylogenetic analysis of *cprA* genes
-----------------------------------------------------------

The presence of *cprA* genes was examined using the extracted DNA from the inlet segment 0--2 cm with the designed primers. About 400--500 bp lengths of products were successfully amplified with the designed primer pairs, except for a primer pair of f5-m3-g2 and r3-m3-g2 ([SI Table S4](#S1){ref-type="supplementary-material"}). Through clone library analysis, genes that possessing the following two traits were judged as the putative *cprA* reductive dehalogenases: that is (i) possessed two-conserved iron-sulfur cluster binding motifs and (ii) shared the highest similarity with the reported *cprA* genes from the BLAST program of GenBank nucleotide sequence database compared other functional genes. Over 90% of amplified genes were regarded as the putative *cprA* genes, indicating the validity of the designed primers used. No positive amplicon was observed with the specific primer sets for *cprA3*, *cprA4* and *cprA5* ([SI Table S4](#S1){ref-type="supplementary-material"}) identified in *Desulfitobacterium hafniense* PCP-1[@b17], suggesting the lack of these genes in the reactor.

Four clone libraries, PCP-1, PCP-2, PCP-3 and PCP-4, were constructed with the gene fragments amplified by primer sets of f4-m3-g1 and r3-m3-g1, f4-m3-g2 and r3-m3-g2, f5-m3-g1 and r4-m1, and f5-m3-g2 and r4-m1, respectively ([SI Table S4](#S1){ref-type="supplementary-material"}). Representative genes were majorly classified into five types ([Fig. 3](#f3){ref-type="fig"}) and their highest similarities with the reported *cprA* genes were shown in [SI Table S5](#S1){ref-type="supplementary-material"}. Gene f4r3g1-1 was the most abundant in PCP-1 and possessing the highest similarity with the *o*-position chlorophenol reductase in *Desulfitobacterium chlororespirans* clone 1256 (75.7%) harboring two iron-sulfur clusters. Genes of f4r3g2-1 and f5r4g2-1 in clone libraries of PCP-2 and PCP-4, respectively, were of 100% similarity with each other and the most associated with the determined *o*-chloro/bromophenol *cprA* of *Desulfitobacterium dehalogenans*. F4r3g1-3 and f5r4g1-1 in clone libraries of PCP-1 and PCP-3 possessed less than 80% of similarities with *o*-chloro/bromophenol *cprA* of *D. dehalogenans*, *cprA3* of *Desulfitobacterium hafniense* PCP-1, and putative *cprA* genes of *Dehalobacter* sp. CF, respectively. F5r4g1-2, f4r3g1-2, f4r3g2-2 and f5r4g2-2 were over 98% similar with each other and the most related to *cprA* genes specific for *o*-chloro/bromophenol in *D. dehalogenans*. Genes in group four, f4r3g1-4 and f4r3g2-3, harbored over 99% of the similarity with each other, and both of them possessed the highest similarity with *cprA* genes determined in *Dehalobacter restrictus*.

PCR amplification and phylogenetic analysis of *bcr* and *bamA* genes
---------------------------------------------------------------------

DNAs extracted on the inlet segment (0--2 cm) and outlet segment (13--15 cm) were examined for the genes associated with the central intermediate of benzoyl-coenzyme A (CoA) pathway in phenol degradation, including the benzoyl-coenzyme A reductases (BCR) of *bamB*, *bzdN* and *bcrC* and the benzoyl-CoA ring-cleaving hydrolase of *bamA*[@b19]. Positive amplicons with the correct size were detected for *bamB* gene at 0--2 cm of the segment, but no amplicon was found for *bzdN*, *bcrC*, or *bamA* genes in both the inlet and outlet segments ([SI Table S6](#S1){ref-type="supplementary-material"}), indicating the lack of these genes there. The primer set for *bamB* genes was rather conserved[@b19] and over 95% of the picked colonies shared the highest similarities with the identified *bamB* genes through clone library analysis. As *bamB* codes for BCR subunit in obligate anaerobes, and while *bzdN* or *bcrC* targets for the facultative anaerobes[@b19][@b20], the results further confirmed that phenol degradation was carried out through the obligate anaerobes[@b13].

Clone library showed the amplified putative *bamB* genes were classified into mainly three types, BamB-23, BamB-47 and BmaB-77, with their closely related *bamB* genes as shown in phylogenetic tree ([Fig. 4](#f4){ref-type="fig"}). Among them, BamB-47 was the most abundant (47.2%) and possessed 77% of similarity with *bamB* aldehyde dehydrogenase of *Syntrophus aciditrophicus* SB. BamB-23 and BamB-77 were closely related to *bamB* genes of *Desulfotomaculum thermobenzoicum* (75% of similarity) and *Desulfotomaculum gibsoniae* (72% of similarity), respectively. The determined putative *bamB* genes were mostly associated with the ones identified in either *Syntrophus* sp. or *Desulfotomaculum* sp. ([Fig. 4](#f4){ref-type="fig"}), further revealed the syntrophic or fermentative features during phenol anaerobic degradation[@b13].

PCR amplification and phylogenetic analysis of *nifH* genes
-----------------------------------------------------------

DNAs on both the inlet (0--2 cm) and outlet (13--15 cm) segments were examined for the presence of highly conserved *nifH* genes encoding iron protein[@b21][@b22][@b23]. Positive amplicons were obtained in both the inlet and outlet segments ([SI Table S6](#S1){ref-type="supplementary-material"}) and over 95% of the picked colonies shared the highest similarities with the identified *nifH* genes. Clone library analysis showed five types (NifI-1, 2, 5, 22 and 47) of putative *nifH* genes in the inlet segment, and four types (NifO-1, 2, 4 and 48) of putative *nifH* genes in the outlet segment, respectively ([Fig. 5](#f5){ref-type="fig"}). Among of them, NifI-47, identical with NifO-1, was the most abundant in the inlet segment (35.4%) and possessed 76% of similarity with nitrogenase determined in *Desulfotomaculum carboxydivorans* strain CO-1-SRB, a benzoate degrader under sulfate reducing environment. The gene NifO-48 was the most abundant in the outlet segment (40.3%) and possessed 83% of similarity with nitrogenase determined in *Methanoregula boonei* strain 6A8. NifI-1 and NifO-2 were of 99% identical in sequence each other and closely related to the nitrogenase determined in *Methanobacterium lacus* strain (91% of similarity). The gene *NifH*-I-2 had the highest identity in DNA sequence with *nifH* genes in *Bradyrhizobium japonicum* clone (75% of similarity), a facultative nitrogen fixation bacterium. The genes, *nifH*-I-5 and *nifH*-I-22 possessed 78% and 75% similarities with genes in *Dehalobacter* sp. DCA and fermentation bacteria *Clostridium* sp. BNL1100, respectively. The gene *nifH*-O-4 possessed 69% similarity with *nifH* gene determined in *Clostridium clariflavum* DSM 19732.

Spatial distribution of putative functional genes: *cprA*, *bamB* and *nifH*
----------------------------------------------------------------------------

Spatial distributions of putative *cprA*, *bamB* and *nifH* genes along with the reactor segments were shown in [Fig. 6](#f6){ref-type="fig"}. Gene copy numbers of putative *cprA* genes amplified from four pairs of primer sets, appeared the highest at the inlet segment 0--2 cm (10^4^--10^6^ copies mL^--1^), and decreased gradually as the distance increase from the inlet segment until below the detection limit at 13--15 cm. Distribution trend of the putative *cprA* genes was coincident with that of distribution of *Dehalobacter* and *Desulfitobacterium* spp. ([Fig. 2B](#f2){ref-type="fig"}). In segments 0--13 cm, genes amplified with f5-m3-g1 and r4-m1 primers were numerically dominant (10^4^--10^6^ copies mL^--1^) except for 5--8 cm, and while, genes amplified by f4-m3-g1 and r3-m3-g1 primers were the most frequently detected, although they possessed a relative low copy number (10^4^--10^6^ copies mL^--1^). Gene obtained by f4-m3-g2 and r3-m3-g2 primers ranged between 10^3^--10^4^ copies mL^--1^ at the segment 0--11 cm and below the detection limit in the segment 11--15 cm. Genes obtained by f5-m3-g2 and r4-m1 primers presented at a rather high copy numbers (10^4^--10^6^ copies mL^--1^), but, they were not detected between 8--15 cm. The correlation analysis showed the sum of determined *cprA* genes were highly correlated with concentration of PCP (*r* = 0.95), which further indicated that *cprA* genes played an important role during PCP reductive dechlorination process.

Putative *bamB* genes were distributed along with the whole segments, except for the segment 13--15 cm ([Fig. 6B](#f6){ref-type="fig"}). Copy numbers of putative *bamB* genes did not show any big fluctuation in the segments 0--13 cm, being consistent with the distributions of the potential phenol syntrophic degraders ([Fig. 2C](#f2){ref-type="fig"}). Copy numbers of putative *bamB* genes were comparable with the sum number of potential phenol syntrophic degraders, *Cryptanaerbacter* or *Syntrophus* spp. The significant correlation of *bamB* genes with concentration of phenol (*r* = 0.74) suggested its involvement in phenol degradation process.

Putative *nifH* genes were distributed widely among the whole reactor, with the highest copy number of appropriate 10^7^ copies mL^--1^ at 2--5 cm and the lowest copy number of 9 × 10^5^ copies mL^--1^ at 13--15 cm, respectively ([Fig. 6C](#f6){ref-type="fig"}). The copy numbers of putative *nifH* genes showed a slight of decrease as the increase in the distance from inlet segment, which suggested the distribution of nitrogen fixing bacteria.

Discussion
==========

The current study demonstrated the abundance and distribution of representative bacteria, functional genes as well as organic chemicals, which clearly revealed PCP mineralization process accomplished by the cooperative activities of the different bacteria (potential reductive dechlorinators and phenol degraders) and functional genes (putative functional genes of *cprA*, *bamB* and *nifH* genes). The distributions of PCP and phenol ([Fig. 1A](#f1){ref-type="fig"}) suggested PCP dechlorination occurred at the segments 0--5 cm, confirmed by the highest densities of *Dehalobacter*, *Desulfitobacterium* spp. and putative *cprA* genes there ([Figs 2](#f2){ref-type="fig"}B and [6](#f6){ref-type="fig"}A). Distributions of PCP and phenol revealed the anaerobic degradation of phenol took place at the segments 0--8 cm ([Fig. 1A](#f1){ref-type="fig"}), verified by the distribution trends of both phenol potential degraders and putative *bamB* genes ([Figs 2](#f2){ref-type="fig"}C and [6](#f6){ref-type="fig"}B). The gradual decrease in density of the potential PCP dechlorinators, phenol degraders and the corresponding genes at the segments longer than 5 cm and 8 cm from the inlet of the reactor ([Figs 2](#f2){ref-type="fig"}B,C and [6](#f6){ref-type="fig"}A,B) reflected the gradual drop and lose of PCP dechlorination and phenol degradation activities at the middle and outlet segments of the reactor. Meanwhile, the wide distributions, the high copy numbers and diversities of putative *nifH* genes ([Figs 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"}C) indicated the nitrogen fixation process throughout the reactor.

PCP dechlorination rate was determined as 5.89 μM d^−1^, calculated by multiplying the influent PCP concentration (50 μM) with the flow rate (0.003 mL min^−1^) and dividing by the effective volume where the reductive dechlorination occurred. The effective volume was calculated as 36.7 mL by multiplying the reactor pore volume (110 mL) with the effective length of reductive dechlorination occurred (5 cm) and dividing by the reactor length (15 cm). Therefore, the PCP mineralization in the segments 0--8 cm means 3.86 μM d^−1^ of the PCP mineralization rate, which is much higher than the previous report of 1.96 μM d^−1^ [@b13], as well as the one achieved in an UASB reactor (0.13 μM d^−1^)[@b24] and in a system with two combined columns in series (3.46 μM d^−1^)[@b11]. Lactate, the sole external nutrient, was completely fermented at the segment 0--5 cm, and the metabolites of acetate and propionate were further decomposed in 0--13 cm ([Fig. 1B](#f1){ref-type="fig"}). As calculated in the same way, lactate mineralization rate was 0.57 mM d^−1^ in this reactor.

It is noticed phenol degradation proceeded simultaneously with PCP reductive dechlorination at the segments 0--5 cm, confirmed by the low phenol concentration (less than 5 μM) and the decrease in concentration of PCP ([Fig. 1A](#f1){ref-type="fig"}). The simultaneous reactions were further verified by the high density of both potential dechlorinating and phenol degrading bacteria, and the corresponding functional genes: putative *cprA* and *bamB* genes ([Figs 2](#f2){ref-type="fig"}C and [6](#f6){ref-type="fig"}B). Previously, the acclimatization of an anaerobic community capable of mineralizing HACs is considered challenging because the different redox niches required for multiple bioprocesses, especially reductive dechlorination and anaerobic oxidative degradation[@b11][@b12][@b13][@b14]. This study revealed the coexistence and cooperative work of dechlorinators and anaerobic phenol degraders in an acclimated consortium at 0--8 cm, which satisfied the requirement of simultaneous reduction and oxidation and avoided the internal nutrient competition. Besides, functions of nitrogen-fixing bacteria and lactate-fermenting bacteria[@b13] should be mentioned ([Figs 1](#f1){ref-type="fig"}B and [6](#f6){ref-type="fig"}C), which supplied organic nitrogen for microbial growth and electron (H~2~) for reductive dechlorination, respectively, although the distribution of their related populations and/or functional genes were not thoroughly elaborated.

The correlation analysis suggested *Desulfitobacterium* and *Dehalobacter* spp. were involved in reductive dechlorinating process, and while, *Syntrophus* and *Desulfotomaculum* spp. were in associated with phenol degradation process ([Figs 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}). The functional bacterial composition was different from the previous constructed HAC anaerobic mineralization systems. Li et al.[@b14] reported the anaerobic mineralization of tribromophenol, through fermentation, reductive debromination and oxidative degradation with *Clostridium* strain Ma13, *Dehalobacter* sp. and *Desulfatiglans* strain DS, respectively. A recent study reported anaerobic mineralization of the wide types of HACs in a long-term maintained anaerobic consortium, and the involved potential dehalogenators were *Dehalobacterium* and *Sulfurospirillum* spp., and while, oxidative degraders were *Geobacter* spp.[@b25] This indicated the diverse bacterial community structure for HAC mineralization system. However, the bacterial communities were analyzed by setting up the 16S rRNA clone library, which could only provide the restrictive community information. The recent developed high-throughput sequencing technics with the high taxonomic resolution are warranted to give the comprehensive evaluation of structure and diversity of functional bacteria and genes.

Through clone libraries, five types of *cprA*-like genes, three types of *bamB*-like genes and seven types of *nifH*-like genes were identified in the cylindrical reactor. The applied primers is based on the recent reports or synthesized according to the recently identified genes. So far, studies on identification and characterization of *cprA* and *bamB* genes were just on the beginning, and the identified functional genes were still in limited genomes, i.e. *cprA* genes from the limited dechlorinating bacteria (*Desulfitobacterium* sp., *Dehalobacter* sp.) and *bamB* genes from the obligate anaerobes for aromatic-compounds degradation (*Geobacter* sp., *Syntrophus* sp.)[@b17][@b18][@b19][@b20]. There is the possibility that other types of functional genes might be present with the more diverse molecular. In fact, various type of reductive dehalogenase homologous have been recently reported existed in single isolates[@b5][@b26], reflected that the identified genes with pairs of synthesized primers could not cover all the possible functional dehalogenases, *bamB* or *nifH* genes. Further study is required on the identification, characterization and genetic expression analysis of those functional genes, to extend the understanding of gene functioning mechanism in molecular aspect.

It should be mentioned that the determined putative *nifH* genes were originated from not only nitrogen fixation bacteria but also some other bacteria holding the *nifH* motifs, such as *Dehalobacter* sp., *Methanoregula boonei* and *Bradyrhizobium* sp. ([Fig. 5](#f5){ref-type="fig"}). Nitrogen fixation activity has been reported by some reductive dechlorinators, aromatic-ring degraders or fermenters, and while, their activities were enhanced through nitrogen fixation process[@b23][@b27]. So there is the possbility that the bacteria in charge of PCP mineralization also participated in nitrogen fixation process, and simutanously supplied organic nitrogen for microbial growth. Compared with the inlet segment (0--2 cm), the outlet segment (13--15 cm) lacked putative *nifH* genes which originated from the potential dechlorinators and aromatic-ring degraders, caused by the lack of the related bacteria there ([Fig. 2B](#f2){ref-type="fig"}).

Collectively, the study gave, for the first time, a clear image on the spatial distribution and diversity of potential reductive dechlorinators, anaerobic oxidative degraders and related functional genes (*cprA*, *bamB* and *nifH*), and represented a sustaining anaerobic bacterial community functioned cooperatively and sequentially to achieve PCP mineralization at the segment 0--8 cm from the column inlet. The study gave suggestions of designing a compact anaerobic HACs mineralization system by applying the multiple functional microbes in porous medium.

Materials and Methods
=====================

Preparation of the cylindrical reactor and the methods of sample storage
------------------------------------------------------------------------

The cylindrical reactor used in this study was described previously[@b13]. Briefly, a glass beads-packed anaerobic cylindrical reactor (15 cm long) was provided by the inoculation of a consortium reductively dechlorinating PCP and introduction of solutions containing lactate (20 mM) and PCP (50 μM) under continuous up-flowing conditions. The cylindrical reactor performed the dechlorination of PCP to 3-CP and phenol with H~2~ as electron donor generated by lactate fermentation, and then, 3-CP and phenol were further degraded without externally added electron acceptor after extending the hydraulic retention time. Nitrogen required for the microbial growth was supplied by microbial N~2~-fixation process. A 16S rRNA gene library analysis showed that the inlet segment harbored the potential dechlorinators, *Dehalobacter*, *Desulfitobacterium*, *Sulfurospirillum* and *Desulfovibrio* spp., and the phenol/3-CP fermentative or syntrophic degraders, *Cryptanaerobacter* and *Syntrophus*. Some possible nitrogen-fixers were detected in both the inlet and outlet segments.

After continuous running for 1.5 years with HRT of 25.3 days, the cylindrical reactor (15-cm long) was unloaded, crossed-cut into six segments under anoxic condition in a glove box (90% N~2~, 10% H~2~ atmosphere) and stored in −80 °C. Samples were collected as the following intervals from the bottom to the top of cylindrical reactor: 0--2 cm, 2--5 cm, 5--8 cm, 8--11 cm, 11--13 cm and 13--15 cm. The mixture of solid (soil and glass beads) and liquids of each segment was sampled with an autoclaved spatula. The samples were placed in 10 mL polypropylene tubes and stored at −30 °C before the chemical analysis and DNA extraction. The framework of the reactor and the analytical details after reactor decomposition was listed in [SI Figure S1](#S1){ref-type="supplementary-material"}.

Chemical analysis
-----------------

Initially, glass beads were gently removed from the frozen samples. PCP and the metabolites were determined by GC-MS (Shimadzu, Kyoto, Japan) equipped with the capillary column (DB-5MS, 30 m of length, 0.25 mm of inner diameter, J & W Scientific, Folsom, CA). Organic acids (lactate, acetate and propionate) were determined using a high-performance liquid chromatograph (CTO-10A; Shimadzu, Kyoto, Japan) equipped with an ultraviolet detector (UV 280 nm) and a Puresil C18 column (4.6 mm inner diameter, 250 mm length; Waters, Milford, MA, USA). The detailed method for measuring PCP, lactate and their metabolites were described in [supplementary information (SI)](#S1){ref-type="supplementary-material"}.

DNA extraction and the primer design
------------------------------------

Initially, glass beads were gently removed from the frozen samples. DNA extraction from the samples (1.5 mL of the total volume of soil and liquid) was carried out using a DNA extraction kit, Isoplant II, according to the manufacturer's instruction (Nippon Gene Co., Ltd., Toyama, Japan). Primers for the amplification of chlorophenol reductive dehalogenase *cprA* gene fragments, targeting for the binding motifs of the two iron-sulfur clusters were designed modified by combining the recently released *cprA* gene sequences[@b18][@b28][@b29][@b30]. The *cprA* gene sequences applied for primers design were listed in SI. Information of the sequences, positions and targeted genes of the designed primers were listed in [supplementary information (SI) Table S1](#S1){ref-type="supplementary-material"}. Primer sets specific for gene sequences of *cprA3*, *cprA4*, and *cprA5* in *Desulfitobacterium hafniense* DCB-2[@b17] were also utilized as listed in [SI Table S1](#S1){ref-type="supplementary-material"}. Primer sets of *bamB*, *bzdN*, *bcrC* and *bamA* were applied for amplification of benzoyl-CoA reductase and ring-cleaving hydrolase involved in the anaerobic phenol degradation, with the detailed information as shown in [SI Table S2](#S1){ref-type="supplementary-material"}. *BamB* targeted for active-site subunit of class II benzoyl-coenzyme reductases (BCRs) from obligate anaerobes[@b19][@b20]. *BzdN* and *bcrC* targeted for subunits of class I BCRs from facultative anaerobes (*bcr* referred to as genes coding for *Thauera* type and *bzd* referred to as genes coding for *Azoarcus* type)[@b19]. *BamA* targeted for ring-cleaving hydrolase of the benzoyl-CoA degradation genes[@b20]. The primer set utilized for the amplification of the highly conserved nitrogenase was NifH-f and NifH-r targeting *nifH* gene encoding the iron protein ([SI Table S2](#S1){ref-type="supplementary-material"})[@b21][@b22]. The amplification of putative *cprA* genes, *nifH* genes and benzoyl-CoA related genes were conducted with DNAs extracted from individual segments.

PCR, cloning and nucleotide sequencing analysis
-----------------------------------------------

PCR reactions for *cprA* genes, *nifH* genes, and benzoyl-CoA related genes were performed with ExTaq DNA polymerase kit (Takara Bio Inc., Shiga, Japan). After PCR amplification and the product purification, clone libraries were set up using the pGem-T easy cloning kit (Promega, Madison, WI, USA). The detailed information for PCR program, the product purification and clone library setting up were described in in detail in SI. The clones were categorized on the basis of their distinct RFLPs. The representative clones with a unique RFLP pattern were sequenced with the BigDye terminatorv 3.1 cycle sequencing kit (Applied Biosystems, Foster, CA, USA) using an ABI 3100DNA sequencer (Applied Biosystems, Foster, CA, USA). The obtained nucleotide sequences were aligned using BioEdit Sequence Alignment Editor (7.0.5.3, Ibis Biosciences, Carlsbad, CA, USA) and classified into one type at a level of sequence similarity of more than 98%. The classification and analysis of nucleotide sequence were described in detail in SI. The nucleotide sequences obtained from clone library have been deposited in DNA Data Bank of Japan nucleotide sequence databases under accession numbers from LC033461 to LC033477.

Quantitative PCR (*q*PCR) analysis
----------------------------------

*Q*PCRs were performed using a Light Cycler system (Roche Diagnostics, Mannheim, Germany) and a Light Cycler Fast-start DNA Master SYBR green I kit (Roche Molecular Biochemicals, Indianapolis, IN), as described previously[@b13]. Bacteria, Archaea, *Dehalobacter* sp., *Sulfurospirillum* sp., *Desulfitobacterium* sp., *Desulfovibrio* sp., *Cryptanaerobacter* sp., and *Syntrophus* sp. were quantified using specific primer sets targeting for 16s rRNA genes as shown in [SI Table S3](#S1){ref-type="supplementary-material"}. The putative *cprA* genes were quantified using the primer sets of f4-m3-g1/r3-m3-g1, f4-m3-g2/r3-m3-g2, f5-m3-g1/r4-m1 and f5-m3-g2/r4-m1, shown in [SI Table S1](#S1){ref-type="supplementary-material"}. The putative *nifH*- genes and putative *bamB* genes were also quantified using the primer sets of NifH-f/NifH-r and BamB-f/BamB-r, respectively, as shown in [SI Table S2](#S1){ref-type="supplementary-material"}. The detailed information on calibration curves and detection limits were described in detail in SI. Triplicate cultures were examined for each condition.
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![Spatial distributions of PCP, lactate and their corresponding organic metabolites in segments of 0--2 cm, 2--5 cm, 5--8 cm, 8--11 cm, 11--13 cm and 13--15 cm, respectively, along with the cylindrical reactor.\
(**A**) Concentration changes of PCP, 3-chlorophenol and phenol; (**B**) Concentration changes of lactate, acetate and propionate.](srep19015-f1){#f1}

![Spatial distributions of Bacteria, Archaea, potential reductive dehalogenators and phenol oxidative degraders in segments of 0--2 cm, 2--5 cm, 5--8 cm, 8--11 cm, 11--13 cm and 13--15 cm, respectively.\
(**A**) 16S rRNA genes copies of Bacteria and Archaea; (B) 16S rRNA genes copies of possible reductive dehalogenase; (**C**) 16S rRNA genes copies of possible phenol degraders.](srep19015-f2){#f2}

![Phylogenetic tree of the putative cprA genes determined from the four groups of clone libraries PCP-1 to PCP-4 in the inlet segment (0--2 cm) of the reactor ([SI Table S4](#S1){ref-type="supplementary-material"}) and their closest relatives, reductive dehalogenase cprA genes.\
The branch in bold represents the gene types, with the appearance frequency as shown in brackets. The numbers at the nodes indicate the percentages of times that nodes appeared in 1000 bootstrap analyses. The scale bar represents an estimated difference of 10% in nucleotide sequence positions.](srep19015-f3){#f3}

![Phylogenetic tree of the benzoyl-CoA reductase putative *bamB* genes determined in the inlet segment (0--2 cm) of reactor and their closest relatives of *bamB* genes reported.\
The branch in bold represents the gene types, with the appearance frequency as shown in brackets.](srep19015-f4){#f4}

![Phylogenetic tree of the nitrogenase putative *nifH* genes determined in the inlet segment (0--2 cm) (clone library NifI) and outlet segment (12--15 cm) (clone library NifO) of the reactor ([SI Table S6](#S1){ref-type="supplementary-material"}), as well as their closest related nitrogenase genes.](srep19015-f5){#f5}

![Spatial distributions of putative *cprA*, *nifH* and *bamB* genes in segments of 0--2 cm, 2--5 cm, 5--8 cm, 8--11 cm, 11--13 cm and 13--15 cm, respectively.\
(**A**) quantitive distribution of *cprA*. F4r3g1, f4r3-g2, f5r4-g1 and f5r4-g1 indicated the amplified products with primer sets of f4-m3-g1/ r3-m3-g1, f4-m3-g2/r3-m3-g2, f5-m3-g1/r4-m1 and f5-m3-g2/r4-m1, respectively; (**B**) quantitive distribution of *bamB*-like genes; (**C**) quantitive distribution of *nifH*-like genes.](srep19015-f6){#f6}

[^1]: Present address: Ocean College, Zhejiang University, Hangzhou, Zhejiang, 310058, China.
